First Astronomical Detection of the Carbene Chain H2Cq

W. D.Langer!, 1. Velusamy, and 1. B. H. Kuiper
MS 169-506, Jet |'repulsion l.aboratory, California Institute of Tcchnology, Pasadena, CA
91109

and

M. C. McCarthy?, M. J. Travers2 A. Kovacs, C. A. Gottlieb, and P. Thaddeus®?
Division of Applied Physics, Harvard University, 29 oxford Street, Cambridge, MA 02138

ABSTRACT

The cumulene carbenes arc inportant components of hydrocarbon chemistry
in low mass star forming cores. Here we report the first astronomical detection
of the long chain cumulene carbene 1,Cg, in the interstellar cloud TMCL
from observations of two of iis rotational transitions:Jg g =Tz — 6y at
18.8 Gz and 85 -~ 717 at 21.5 Gllz, using NASA's Deep Space Network 70
mantenna atl Goldstone, California. Inaddition wc also observed the shorter
cumulene carbene, H2Cs at the samne position. The fractional abundance of
1H,Cg relative to Hy is about 3 x 10-and that of H2C4 about 8 x 1072°. The
1,Cg¢ abundance is inrcasonable agreement with gas phase chemical models for

young molecular cloud cores while the 112Cy4ismore abundant than predicted.
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interstellar: molecules - stars: formation
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1. INTRODUCTION

The detection of new cumulene carbenes isimportant for determining the hydrocarbon
chemistry in low mass star forming cores (cf. Bettens & Herbst 1996). The cumulene
carbene chains are also of interest in astronomy for their possible role as one of the carriers of
the diffuse interstellar bands (McCarthy et al. 1996).Here we report the first astronomical
detection of H2Cs (hexapentaenylidene) in the dark cloud 1'MC1. ‘I'his identification was
made possible by the recent laboratory detection of the rotational spectrum of the long
chain cumulene carbons, 1,Cs and H,Cg (McCarthy et a. 1996) and the high scusitivity of
NASA’'s Decp Space Network antennas at cin wavelengths.

We also observed the shorter cumulene carbene chains propadienyldene, HoCs
(Cernicharo et al. 1991, Kawaguchict al. 1991), and buttatrienylid ene HoCq (Kawaguchi et
al.)) at the same position as 11,Cg to allow comparison to chemical models. H2Csand Hz2Cs
have linear carbon backbones anti C,y symmetry, and because of the off-axis equivalent
H-atomshave ortho (K., odd) and para (Ko,even) rotational states, between which both
radiative and collisional transitions are highly forbidden. In cold molecular clouds we
expect 3/4 of the population to be in the ortho state, and cmission from the K, ladders to
beslightly stronger than from the K, ladder.

We also observed several other complex molecules in T'MC! to shed light on the
hydrocarbon chemistry in star forming cores. We f{ind that the carbon chain mnolecules
vary inabundanceamong the three principal 1" MC1 velocity components. The cuinulene
carbenes are distributed similarly tothose of other complexcarbon compounds, such as
H Cany ;N and C, H, but differently from the cyclopropenylidene ring ¢- CzH,. We compare
the observed ratios to gas phase chemical inodels appropriate to TMC1 .

2. OBSKERVATIONS

The observations reported here were made with NASA’s Deep Space Network (1DSN)
70 meter antenna at Goldstone, CA between October and November of 1996. In addition
to H2Cs we observed the following species, HCgN, CsH, HoCa, H2Cy, and ¢-C3Ha, as part
of anongoing effort to study complex carbonchemistry inTMC1 . We list their relevant
transitions and line frequencies in ‘1'able 1.

The observations were madec with a broad band (17.5 -26 GHz) cooled HINM'T receiver
with typical system tempcratures of 50 - 65 K and the 2 million channel Wide Band
SpCdromet@‘ Analyzer (WBSA). The spectra were smoothed to resolutions in the range of
0.03 to 0.15 km S-* with a total spectral range of 20 to 40 M1lz (cf. Langer et al. 1995).
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All the observations except the 18.4 GHz transition of 11,C¢ were made using position
switching. In this mode the spectra were obtained by taking the consecutive difference
between the ON and OF} source positions every 6 minutes. The right ascension of the
OFT" source position was also chosen to be 6 minutes in time to the west or east of the ON
source position such that each ON-OFF pair had the same mean elevation. This procedure
ninimizes base line irregularities caused by atmospheric fluctuations. The presence of
several stronger lines in the passband of the 21.5 Glizline of H2Cs and 20.8 GHzline of
11,C; alowed us to check our calibration cach observing run. Following our detection of the
21.5 GHz line of H,Cg a frequency switching option was implemented for the 1 JSN-WBSA
systcm. We used this mode for the observations of the 18.8 GHz transition of H:Cg using
an I.,Qoffset of ().5 M1Iz between the two frequencies.

The detections reported here were madetoward TMC1 a a position RA(1950) =
4738m41° and DEC(1950)= 25 °35°39", corresponding to strongest HC;NandHCgN
emnission as seen in our DSN 70 m high spectral resolution maps (Velusamy et a. 1996),
with a reference velocity V.= 5.8 km s~'. The ON source integration timnes for the 1,Cg
lines were 23 and 18 hours for the 21.5 and 18.8 Gz transitions, respectively, and yielded a
corresponding rms of 2.5 mKand 35 mK for spectral resolutions of 0.14and0.12 km s'.

3. RESULTS

InFigure 1 we show the spectra for the two detected transitions of HaCe and for HCgN,
and C;11.The H2Cg 2] 5 GHztransition, HCgN, and Cs11 were observed simultancously
in the same passband. The spectrum of H3C424,-1p; a 17.9 GHz in T'MC1 is shown in
Figure 2, along with the lines of H,Cs, Cgll, and ¢-C3H,. The HoCyand H,Cq spectra peak
at ~6 km s! and have peak antenna temperatures, 1 4--180mKand 9 mK, respectively.
Previous high spectral resolution studies of complexmolecules, such as CCSand HC;Nin
TMCI1(Langer et al. 1995) found three velocity components at 5.7, 5.9, and6.1km s !
with intrinsically narrow linewidths ~0.151t0 0.20 km s~ 1. Qur H,Cy spectrumn agrees with
that of Kawaguchi et al. observed ~ 30" away.

ln Figures 1 and 2 it appears that the strongest HoC4 and H;Cg emission is at 5.9
km S-I. The hint of an asymmetry suggested in these spectra is most likely a second
weaker (partially blended) component at 6.1 krn s}, exactly what is scen in the velocity
distribution for Cs;H and probably Cgll. I'here is no cvidence in 11,C4and H2Ce for a
component a 5.7 km s!. In contrast the ring molecule ¢-C3}l, and the lincar form H;Cs
show strong emission a 5.7 and 5.9k s, and only slightly less emission at 6.1 krn s~ 1.
The presence of strong ¢-C3Hs and H2Cs emission at 5.7 km s1 with no evidence of H;Cs



or H2C4 indicates that there is significant chemical inhomogeneity in the hydrocarbons in
T'MCI (as is known to bethe case for other molecules). Furthermore, the ¢- CzHz emission
is much stronger than that of H2Cs(Ta== 2.0 K versus 0.12 K).

4. DIS(31JSS1ION

To estimate the abundances of H2CoandH,Cqin TMC1 we adopted the following
simple excitation model in which we treat each ladder as a separate linear rotor. Under
molecular cloud conditions the excitation of the ortho and para states of cumulenes can
be treated separately because the radiative and collisional transitions between them are
negligible. For purposes of estimating abundancesthe excitation of the ortholadder can be
treated as two single, equivalent linear rotors. The energy levels of the K., and K_ jladders
arc nearly equal and canbe estimated within1% by treating them as a linear rotor with Bo
=-2(B3 + C) (Band C are givenby McCarthy ct a.). Collisional rate coefficients for these
species have not been calculated; we approximate their J dependent values by using those
derived for the lincar chain molecule HHC3N(Green and Chapman 1978).

H,C¢ has a calculated dipole moment of 6.21) (McCarthy et a. ) and the J =- 8 ortho
levelslie~ 5 K above the ortho ground state (J = 1). With an Finstein A coefficient
of order 2 x 10°¢ s’this yields a critical density 1(1l2) about 5 x 10°cm=3, implying
that the lower levels are easily thermnalized at the density in the cores of 1'MC1. Figure 3
shows an excitation calculation for the K_; ortholadder of 11,Cq and the K. paraladder
of H2Cy(using adipole moment of 4.5])) for a range of fractional abundance gradients (in
ki s* pc™!). For convenience the actual calculations were carried out with an existing
large velocity gradient (ILVG) code which is essentially cquivalent to an 1110 calculation
for optically thin lines, which is almost certainly the case for the weak emissionscenin
HyCsand H2Cs. We assumed typical conditions found in the TMCI clumps: Tkin = 10
K and n(Hz2) = 10" ecm™3 The velocity gradient is estimated from the linewidth, ~0.3
kin s!, divided by the size of the emissionregion (from our IIC;N map) ~ 0.06 pc.The
total fractional abundances of H,C4 and HyCg, after accounting for moleculesin the other
ladders, a velocity gradient of 5 km s! pc~!, and a beam cfficiency of 0.7, arc about 1.1 x
10-1%and 4.7 x 10-11, respectively. Thecolumndensity for 1,C, derived by Kawaguchi et
al. from several transitions at anearby position corresponds to a fractional abundance of
8 x 10-10 (Bettenset a.) and is invery good agreement with our value. We estimate the
abundance ratio of H,Cy4to H,Cqis ~ 25.

‘ Recent gas phase chemical models haveincluded reaction networks for calculating
abundances of large hydrocarbons (Millar et a. 1995, Bettens,l.ec & Herbst 1995) and




even very large hydrocarbons (Thaddeus 1994, and Bettens & Herbst 1996). Furthermore,
laboratory data and theoretical calculations have begun to shed light on the mechanisins
for forming the simplest ring structure cyclopropynylidy ne, C- C;1, via neutral carbon
insertion into acetylene, C + C,H,(Kaiser et al. 1996). To compare qualitatively our
observations with chemical models we use the results of the gas phase model of Millar et al.
(1995), which is based on one of the standard chemical data bases used for modeling cloud
chemistry. It includes hydrocarbon production up to 8 or 9 carbons.

In Figure 4 we plot these model abundances for the carbon chains, Ca,!H, Cang1H,
H,Csn, and H2C2n41, as well as a point for ¢- C3ll,, for the physical conditions relevant to
this core of TMCI1, Tkin=- 10K and n(llz)=- 10'cin” 3 I'igure 4 shows the early time
results of Millar et a. as only this evolutionary stage has enough neutral carbon to produce
a successful complex carbon chemistry with large hydrocarbonabundances. The late times,
or steady state, solutions have too little carbon and complex carbon species to explain the
observations. ‘I'his result is not surprising as other tracers, such as CCS,confirmthe ages
of these velocity components to be <afew x10° years (Kuiperet al. 1996, Vclusamy
ct a. 1996). Note that the C,Hinolecules arc predicted to be more abundant than the
corresponding H:C, molecules, as observed. However, the Millar et al. model also predicts
that 11,C¢ is more abundant than H,C4 which is exactly the opposite from what we obser ve.
The measured HyCg abundance agrees within a factor of 2 with their model calculations,
while the predicted H,C4 fractional abundance is too low by a factor ~ 25. We note,
however, that the observed H,C4/H,Cs appears consistent with the slope of the abundance
with C, H.

Bettens et al. explored theeffects of various assuinptionsabout the llcutral-neutral
reactions on the production of co mplex carbon moleculesininterstellar clouds. Bettens
and Herbst (1 996) recommend using two of these chemnical modecls, the new standard
model (NSM) and model 4 (M4), which best explain the polyatormnic species. NSM is
basically a modified version of the staudard ion-molecule chemical scherne while in M4 rapid
ncutral-neutral reactions play a critical role. A key feature of M4 is that the reactions, O -
on =2 G+ CO, for n >2, arc assumed ncgligible. Model M4 of Bettens et al. provides
the best agreement with our H,Cy4 observations, but is still too high by a factor of five.
The models appear to be sensitive to assuinptionsabout the neutral-neutral reaction rate
coeflicients at low temnperature. HoCgand HoCy are important diagnostics to discriminate
among models of hydrocarbon chemistry in dense cores. lHowever, more laboratory
measurements and astronomical observations are needed to resolve the hydrocarbon
chemistry in star forming cores.
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7 ‘able 1: Molecular Transitions Observedin TMCL | | -

Species Rest Frequency

HoCs
c-1,C4
H,Cy

CsH

CsH

Cell
H,Ce
H,Cg
HCgN

Transition

Loy - Ooo

101 - Ogg

202 - 1g;
J=9/2 - 712 ¥F=-5-4b
J=7/2 - 712 F--4-3b
J=15/2 - 13/2 F: 87

7,-61°

818-717

37-»36

M1z
20792.563
18343.143
17863.820
21484.710
214 S5.262
20792.872
18802.237
2148s.2%
21498.181

Reference

Vrtilek et al. “
Pickett et al.
Killian et al.
Lovas
1,ovas
Lovas
McCarthy et al.
McCarthy et al,
Pickett et al.
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Iig. 1--- DSN 70 m detections of H,Cg at 21.5 and 18.8 GHz in TMC1.The spectra for
H,Cq at 21.5 GHz, HCgN, and CslI, were all taken within the same passband, while the
H>Ce18.8 GHz line was observed separately. The source position is RA(1 950) == 4#38™41°
and DINC(1950) = 25 °35'39", with V,,, = 5.8 km s™'. The vertical line marks 5.9 kins™*.

I'ig. 2.- The spectrum for’ H,Cy towards TMC1 is shown along with those of H,Cj, ¢-Csllg,
and Cgl. The position is the same as in Figure 1. The vertical line marks 5.9 kms™?!.

Iig. 3- The antenna temperatures for theortholevels of HoCg (solid lines) and para
levels of HoCy4 (dashed lines) calculated using al.VG excitation model and approximating
the energy levels with a simple linear rotor (see text) as a function of J. The parameters are
Thin: 1 OK, n(Hz)=- 10°cm™3, and A V/AL=1kmn S!pc '. Curves for three fractional
abundances (in units of kin S pc™! ) arc shown for cachmolecule. The observed T 4 for
1N,C, (filled triangle) and H,Cs¢ (filled circles) are marked in the figures along with their
lo crror bars. Total fractional abundances need to include a factor for the ortho and para
fractions, and the velocity gradient.

Iig. 4.- The fractional abundances of four carbon chains, Ca,I,Cong 1, Ho Cong, and
H,Cyn (solid lines), as a function of n. These arc taken from the early time solutions for
the gas phase chemical model of Millar et a. for a cold cloud core with Tkin=- 10K and
n(Hz): :10* cin” ‘1" he observed fractional abundances of H,Cy4and H2Cs, assuming AV/AL

- 5k s pc?, are marked by filled boxes.
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